Graphene nanoribbon tunneling FETs (GNR TFETs) are promising devices for post-CMOS low-power applications because of the low subthreshold swing, high I on/Ioff, and potential for large scale processing and fabrication. This paper combines atomistic quantum transport modeling with circuit simulation to explore GNR TFET circuits for low-power applications. A quantitative study of the effects of variations on the performance and reliability of GNR TFET circuits is also presented. Simulation results indicate that GNR TFET circuits are extremely competitive in performance in comparison to conventional CMOS circuits at comparable operating points, with static power consumption that is lower by 8-9 orders of magnitude. It is also observed that GNR TFET circuits are susceptible to parameter variations, motivating engineering and design challenges to be addressed by the device and CAD communities.
Introduction
Since its discovery in 2004, graphene, which is a monolayer of carbon atoms packed into a two-dimensional honeycomb lattice, has attracted strong interest as an alternative device technology for future nanoelectronics [1] [2] [3] . Graphene's high electron and hole mobility, combined with high mechanical and thermal stability and high resistance to electro-migration make it an excellent candidate material for post-silicon electronics. The potential to produce wafer-scale graphene films with full planar processing for devices promises high integration potential with CMOS processes, which is a significant advantage over carbon nanotubes [4] .
Although two-dimensional graphene is a zero band-gap semimetal and not preferred for logic design, it has been demonstrated that a band-gap can be opened up by using graphene nanoribbons (GNRs) due to quantum confinement in the width direction [4] . In the past, most graphene FETs have been fabricated using intrinsic nanometer-wide GNRs as channel material with metallic contacts [5] [6] [7] . More recently, however, FETs based on the principles of tunneling (TFETs henceforth) have been studied and attracted strong interest [8] [9] [10] [11] [12] . The commonly proposed graphene TFET structure uses an intrinsic GNR as the channel, with p-doped GNR as the source and n-doped GNR as the drain. The operation of these p-i-n GNR TFETs is mainly based on tunneling current, which is more sensitive to terminal biases, instead of thermionic current. As a result, GNR TFETs are projected to exhibit extremely low subthreshold swing as compared to conventional CMOS, without a significant reduction in speed of operation. For example, in [8] , it is shown that a sub-threshold swing of 0.19 mV/dec that is over 2 orders of magnitude lower than conventional CMOS can be achieved using GNR TFETs. A lower sub-threshold swing results in a higher I on/Ioff ratio and lower leakage power, motivating strong interest in GNR TFETs for low-power applications.
This paper studies and presents results on the suitability of GNR TFETs for low-power applications. It combines atomistic quantum transport modeling in intrinsic p-i-n GNR TFETs with a circuit simulator that includes parasitics and non-idealities that are necessary to capture extrinsic effects in fabricated GNR TFETs. Intrinsic TFETs are simulated by self-consistently solving an atomistic quantum transport equation based on the non-equilibrium Green's function (NEGF) formalism with the 3D Poisson's equation. These rigorous simulations provide I-V and Q-V data for intrinsic GNR TFETs, which are integrated into a circuit-level simulation framework based on lookup tables for technology exploration of GNR TFET circuits. The simulator is used to study the delay, power, and noise margins of representative GNR TFET circuits including inverters and ring oscillators. Results are compared to scaled CMOS at the 22, 32, and 45nm nodes using the predictive technology model [13] . At comparable operating points, the frequency of GNR TFETs is 0.001-0.1X the frequency of these CMOS nodes, with an 8-9 orders of magnitude improvement in static power. This demonstrates the huge advantage and potential of GNR TFETs over scaled CMOS in low-power applications.
We further evaluate the effect of parametric variations in GNR TFET fabrication on performance, power, and reliability in this paper. Due to the atomically thin and nanometer-wide geometries of GNRs, variabilities in device parameters are projected to impact circuit performance and reliability. Our atomistic NEGF simulation of variations in device parameters has identified two important sources of parametric variations in GNR TFETs: variations in GNR width and variations in drain/source doping level. Variation in GNR width affects the energy band-gap of GNRs, while variation in source/drain doping level affects the energy band structure near the contacts. Both variations result in a change of the I on/Ioff ratio, which in turn impacts circuit delay, power, and noise margins. Our simulations of basic logic structures indicates that GNR width variations have the largest impact on circuit delay, static power, and noise margin. However, even for the worst case GNR width variations studied in this paper, the static power is still significantly lower than the scaled CMOS nodes. On the other hand, variation in source doping level has a very small impact on circuit power, but it has a comparably larger influence on the delay and noise margin. Note that variation in drain doping level has a negligible overall impact on circuit behavior, because n-type and p-type TFETs are based on electron and hole current respectively, which drain doping level has little control over. These results show that even in the worst-case, graphene-based TFETs exhibit significant potential for low-power applications in comparison to scaled CMOS. This paper is organized as follows. Section 2 describes the background and the operating principles of GNR TFETs. Section 3 describes technology exploration for GNR TFET circuits, with comparisons to scaled CMOS. Sections 4 and 5 discuss the effects of parametric variations on GNR TFETs and GNR TFET circuits, respectively. Section 6 provides background on the quantum device simulator and the circuit simulator. Section 7 is a conclusion.
TFET background and operating principles
In this section, we describe the device structure of the GNR TFET considered in this paper and its basic operating principles. The details of our quantum atomistic device simulator are provided in Section 6.1 at the end of this paper. Figure 1 (a) presents the structure of the GNR TFET considered in this paper. A 50nm-long armchair-edge GNR (A-GNR) is used as the channel material, and the GNR width is assumed to be N =13, where N denotes the GNR index [14] . Double gate geometry is implemented using HfO 2 as the gate insulator, with a thickness of 1.5nm and dielectric constant of 16. The doping level of source and drain is set to be 0.01 dopant per atom, or 3.81×10 15 dopant/cm 2 . Notice that these values are nominal values, and we will explore the effects of variations in these parameters. .
The operating principles of the GNR TFET can be understood by looking at its energy band diagram, presented in Figure 1 (b). Since source and drain are doped p-type and n-type respectively, the thermionic current is negligible in GNR TFETs. Instead, the operation of GNR TFETs depends mainly on band-to-band tunneling current of both electrons and holes. When drain voltage is added but gate voltage remains zero, the conduction band E C in the channel is higher than the valence band E V at the source side, and EV in the channel is lower than E C at the drain side, as shown in Figure 1(b) for the solid line. Therefore, both electrons and holes find it difficult to tunnel into the channel. If the gate voltage is increased, however, to a level where E C in the channel becomes lower than E V at the source side, as shown in Figure 1 electrons can tunnel from E V at source to EC inside the channel, resulting in band-to-band tunneling and a significant increase in the current. Similarly, if gate voltage is reduced to a level where E V in the channel is higher than E C in the drain, illustrated by the dashed line in Figure 1 (b), hole-based band-to-band tunneling will occur at the drain side, significantly increasing the current.
Reducing ambipolarity
The I-V characteristics for the N =13 GNR TFET under VDS = 0.4 is shown in Figure 2 . Notice that the current is exponentially and linearly proportional to the gate voltage at low |V G| and high |V G|, respectively. Ambipolar conduction is clearly shown, where hole current dominates the left branch of the current curve while electron current dominates the right branch. The minimum conduction point V min of the ambipolar curve can be shifted by adjusting the work-function of the gate electrode, as shown in Figure 2 for V min = 0 (solid line) and Vmin > 0 (dashed line). Notice that if V min = 0, i.e., if Vmin > 0 for example, the 'off' current of the GNR TFET at V G = 0 increases drastically, leading to large leakage current. Techniques based on gate underlap and asymmetric doping explained below have been proposed to reduce ambipolarity.
Gate underlap: Gate underlap at either end of the channel will affect the energy band-gap and hence the current behavior. For example, if the gate underlap occurs at drain end of the channel, as shown in Figure 3 , it results in a linear drop of the potential in the ungated part. This makes the tunneling barrier at the drain contact larger, significantly suppressing the hole tunneling current. However, since the energy band structure at source side is not influenced, the electron tunneling current is unaffected. Similarly, if gate underlap occurs at the source side, n-type conduction decreases while p-type conduction remains unaffected. Note that in Figure 3 , the current remains nearly constant near V GS = 0 for underlap of 10nm and 15nm, respectively. This is due to the direct source-drain tunneling current, which is injected from the source and tunnels through the band-gap region in the gated portion of the channel, and finally reaches the drain contact. This can be regarded as the minimum possible current of the GNR TFETs.
Asymmetric doping:
The doping level influences the energy band structure near the contacts, which determines the tunneling probability, and therefore the tunneling current for electrons and holes. If the doping levels at both source and drain ends of the channel are the same, the p-type and n-type current will be symmetric. However, if the drain doping level is reduced, the width of the band-toband tunneling barrier for holes at the drain contact will increase due to a larger electrostatic screening length for a lower doping density. Therefore, the p-type conduction branch is significantly suppressed because tunneling current decreases drastically with an increasing barrier width. In contrast, because the n-type conduction is controlled by the electron band-to-band tunneling from the source to the channel which remains unaffected, it is insensitive to the drain-doping density, as presented in Figure 4 . Along the same lines, reduced source doping level serves to suppress n-type conduction while leaving p-type conduction unaffected.
These techniques have been demonstrated to be very effective in reducing ambipolarity [12] . In this paper, however, we assume for simplicity that the work-function is chosen such that the minimal conduction point V min = 0, as shown in Figure 2 for the solid line. Therefore n-type and p-type FETs utilize the right and left branch, respectively, and the leakage can be reduced without the help of ambipolarity-reduction techniques. Although variations in work-function of gate electrode will change the minimum conduction point and necessitate the usage of the above techniques, it is beyond the scope of this paper and not discussed further.
GNR TFET circuits
GNR TFETs have low subthreshold swing and low 'off' current, making them very suitable for subthreshold low-power applications. In this section, we perform an extensive study on the circuit performance of GNR TFETs for low supply voltage. A simulator based on table lookup techniques is implemented to simulate circuits built with GNR TFETs, with details of the circuit simulation model described in Section 6.2. We choose a 15-stage ring oscillator where each inverter drives a fanout-of-four load as the representative circuit for this study. Figures of merit considered include frequency, static power, dynamic switching energy, and noise margin, and the trade-offs between these metrics are explored for different values of V DD for GNR TFET circuits. For comparison, we also perform simulations on the 22nm, 32nm, and 45nm CMOS nodes using the predictive technology model [13] under comparable operating conditions, and report the results in Table 1 .
TFET circuit performance
In the subthreshold domain, the total energy consumption per operation is an important metric because it captures the energysaving performance of a circuit. The total energy consumption per operation E total ≈ 1 α Estatic + Edynamic, where α is the activity factor, E static is the static leakage energy, and Edynamic is the switching energy. E dynamic can be roughly expressed as CLV 2 DD , where CL is the load capacitance. As shown in Table 1 , E dynamic continuously decreases with supply voltage V DD, from 0.882fJ at VDD = 0.4V to 0.052fJ at V DD = 0.1V . Estatic = Pstatic · t, where Pstatic is the static leakage power and t is the time when the gate is static. P static for GNR TFETs also decreases continuously with VDD, from 19.4 aW at V DD = 0.4V to 3.49aW at VDD = 0.1V . However, since the frequency of the circuit decreases much faster with V DD, as shown later, the leakage time, which is proportional to the delay of the circuit increases and results in an increasing E static. In Figure 5 , we plot the E dynamic/Estatic ratio for different VDD. It is clear that although the ratio continuously decreases as V DD scales down, it is still as high as nearly 10 5 at VDD = 0.1V . This means that as long as the activity factor is not less than 10 -5 , which is a very low value in practice, dynamic energy will always dominate the total energy consumption in GNR TFETs.
While downscaling V DD serves to lower the energy consumption, however, it comes at the cost of reduction in frequency. As shown in Table 1 , the frequency of the 15-stage ring oscillator continues to decrease as the supply voltage is reduced, from 154.6 MHz at V DD = 0.4V to 5.2kHz at VDD = 0.1V . Further, owing to the exponential relationship between current and V G at low VG, the frequency drops much faster as V DD is scaled down.
The other shortcoming of downscaling supply voltage is lower reliability, which can be measured by calculating the static noise margin (SNM) for an inverter. As shown in Table 1 , the SNM of the inverter decreases as supply voltage is down-scaled, from 0.18V, or 45% V DD at VDD = 0.4V to 0.036V, or 36% VDD at VDD = 0.1V . Table 1 compares the operating frequency, energy, and SNM of the 15-stage ring oscillator for GNR TFETs and scaled CMOS nodes (simulated using the PTM model [13] ).
Comparison to scaled CMOS
The most striking difference between the scaled CMOS nodes and GNR TFETs is the extremely low static power consumption of GNR TFETs, which is about nine orders of magnitude lower than scaled CMOS at all voltages. Under high supply voltage, V DD = 0.4V for example, low static power of GNR TFET circuits does not result in a significant reduction in total energy con- sumption per operation compared to CMOS nodes since dynamic energy dominates at these voltage nodes for both CMOS and GNR TFETs, and GNR TFETs and CMOS circuits consume comparable dynamic energy. However, as the supply voltage is scaled down, whereas static energy is still negligible for GNR TFETs at moderate activity factor, it becomes comparable to dynamic energy for scaled CMOS nodes, such that the benefit brought by low static energy of GNR TFETs becomes more significant. For example, at V DD = 0.4V , the GNR TFET circuit has 23% less energy consumption per operation compared to 22nm CMOS. However, at V DD = 0.1V and activity factor α = 0.1, 22nm CMOS will consume 18.3× more energy than TFET circuits for each operation. This difference will be even higher with a lower activity factor. Besides the low energy consumption at low supply voltage, TFET circuits, compared to scaled CMOS nodes, also provide a better noise margin by 1-25%, which is crucial in subthreshold circuits. In terms of operating frequency, CMOS circuits outperform GNR TFET circuits. However, in subthreshold low-power applications, the frequency of operation is usually low and of the order of 1-100kHz for environmental and biological applications. In such domains, these results indicate that GNR TFET circuits are a very strong candidate for low-power applications over scaled CMOS.
Variability in GNR TFETs
Variability is expected to play an important role in graphene electronics in practice. Variability can come from the difficulty to control GNR width, doping levels in source and drain, insulator thickness and so on. Our atomistic NEGF simulation of a wide variety of variability mechanisms have identified the important role of the GNR width variation and contact doping level variation of GNR TFETs [12] , which are the subject of this study. Other defect and variability mechanisms exist and should be explored in future studies, but we expect the effects are qualitatively similar and can be explored by readily extending the current simulation framework.
GNR width variation
The band-gap of the GNR is determined by the GNR width. Because device characteristics are very sensitive to the band-gap of channel material, GNR width is critical to GNR TFET performance. GNR width is proportional to the GNR index. GNRs with an index of N =3q and N =(3q+1) are semiconducting GNRs and may be used as FET channels. Our atomistic NEGF simulation has indicated that N =3q GNRs have a much smaller subthreshold swing than N =(3q+1) GNRs, so only GNRs with index values of 10, 13 and 16 were selected to study the effect of variations in width in this paper. Starting with the minimum GNR index of N =10, which has a width of 1.6nm, the index is increased in steps of 3, or equivalently, by an incremental width of 3.7Å. Figure 6 illustrates how variability in GNR width affects device 
Figure 6: I-V characteristics for different GNR widths
I DS-VGS characteristics. For N =(3q+1) GNRs, the band-gap is in general inversely proportional to the the width of the GNR. Hence, as the width of the GNR increases, the band-gap decreases, allowing more electrons to enter the conduction band and more holes to enter the valence band, increasing both the 'on' and 'off' current. Note that the current almost remains the same from V GS = −0.2V to V GS = 0.2V for the N =10 GNR, which is due to the direct source-drain tunneling current discussed before.
Doping variation
So far we have assumed that the doping levels at both source and drain can be precisely controlled, and in Section 2 we have described the usage of asymmetric doping as a method to suppress ambipolar conduction. However, under process variations, it is very difficult to have both contacts accurately doped to a desired level, and the variation of doping levels may result in performance degradation. As presented in Section 2, the doping level of source and drain have significant influences on electron and hole current respectively, so if a TFET used as an n-type transistor suffers from source doping variations, or a TFET used as a p-type transistor suffers from drain doping variations, the current behavior will be severely impacted. Note that for GNR TFETs used as p-type transistors, the drain is usually considered to be the p-doped contact, i.e., the source of the n-type transistors. Based upon this convention, we determine that doping variation at source side will influence both the p-type and n-type transistors' behavior, whereas drain side doping variations have negligible effect for the TFETs considered in this paper with minimum conduction point V min = 0. In our simulations, we fix the doping level at the drain to be 0.01 dopant per atom and vary that at the source to be 0.01 or 0.004 dopant per atom, and the results for the doping variations in n-doped region is shown in Figure 4 .
Variability in GNR TFET circuits
In this section we study the effect of variations in GNR width and doping levels on the inverter delay, power, and noise robustness. The operating supply voltage V DD = 0.4V is assumed to simulate all the GNR TFET circuits in this section, and the simulations were performed for an inverter with a fanout-of-4 load. Details on how we incorporate variations into our circuit simulation model can be found in Section 6.2. Table 2 shows the delay, power, and noise margin due to independent variations in GNR widths in both the n-type and p-type TFETs of an inverter. The delay of an inverter driving a fanout-of-4 load, with nominal n-type and p-type TFETs (N =13 GNR channel) is 216 ps. As GNR width of both n-type and p-type TFETs decreases to N =10, the delay increases to 19.6ns, showing 2 orders of magnitude increase. On the other hand, if GNR width of all TFETs increases to N =16, the delay decreases to 62.4ps. Note in Figure 6 that as the GNR gets wider, the rate of increase of the 'on' current becomes slower. Therefore, downscaling the width of GNR will have a larger impact on the circuit delay.
Width variation
The static power of the inverter is also significantly impacted by the variations in GNR width, while the dynamic power is relatively less affected. For a nominal inverter where all the GNRs are N =13, the static power is 1.29aW. When GNR width decreases to N =10 and increases to N =16, the static power decreases by 1 order of magnitude and increases by 8 orders of magnitude, respectively. This is due to the significant impact of GNR width on the 'off' current of the TFET. Within this table, the static power exhibits the largest influence due to the variation of GNR width.
Finally, it is observed that the noise margin of the inverter is also impacted by an order of magnitude in the worst case. In contrast to the delay and power figures of merit, the noise margin is not greatly affected when the n-type and p-type TFETs of an inverter have the same widths. For instance, the static noise margin almost remains the same for N =10, N =13 and N =16 GNR TFETs, with a difference of only 4.5%. However, when n-type and p-type TFETs have different widths, the influence becomes significantly larger and reaches the worst-case deviation when there is maximum mismatch of N =10 and N =16. In this case, the 'off' current of N =16 TFET is only one order of magnitude lower than the 'on' current of N =10 TFET, therefore the static noise margin is significantly lowered to 8mV from the nominal value of 180mV. Table 3 shows the delay, power, and noise margin due to doping variations that affect the GNRs in either the n-type and p-type TFET of an inverter. Note that as discussed in Section 4, doping variations at drain side will not affect the performance of p-type and n-type TFETs, therefore only variations at source side is considered here. In our simulation, the drain doping level is fixed at 0.01 dopant per atom, and the source doping level is varied between 0.004 and 0.01 dopant per atom.
Doping variation
Inverter delay is degraded by one order of magnitude when the source doping level of all TFETs is changed from 0.01 dopant per atom to 0.004 dopant per atom, due to the altered current behavior resulting from the decrease in doping. For the same reason, the static power increases by 20%, and the dynamic energy increases by 6.9%.
The noise margin is significantly affected by the doping variations. Even for the same doping variations for n-type and p-type TFETs, the SNM is reduced to 21mV, as compared to the nominal case of 180mV. If only p-type or n-type TFETs suffer from doping variations, the SNM is further reduced to 18mV.
Quantum and circuit simulation
In this section, we first provide the details of our quantum-based device simulator. Next the circuit simulation model for the TFETs and the method to incorporate variations is summarized.
Quantum simulation
As devices scale with technology, the widely used compact modeling and simulation approach is unable to capture several important features of device physics including quantum effects. In this paper we implement a powerful quantum transport simulation framework based on the non-equilibrium Green's function (NEGF) formalism, which provides an ideal approach for bottom-up device modeling and simulation [15] for the following reasons: (1) atomistic descriptions of devices can be readily implemented, (2) open boundaries can be rigorously treated, and (3) multi-phenomena (e.g., inelastic scattering and light emission) can be modeled. Figure 7 summarizes the procedure to apply the NEGF approach to a generic transistor. The transistor channel, which can be a piece of silicon, a GNR, a nanowire, or a single molecule, is connected to the source and drain contacts. The gate modulates the conductance of the channel. One first identifies a suitable basis set and derives the Hamiltonian matrix H for the isolated channel. Then, the self-energy matrices Σ 1, Σ2, and ΣS are computed. The self-energy matrices describe how the channel couples to the source contact, the drain contact, and the dissipative processes. Next, the retarded Green's function, including self-consistent electrostatic potential U , is computed as
Finally, the physical quantities of interest, such as the charge density and current, are computed from the Green's function. In this paper, the DC characteristics of ballistic TFETs are simulated by solving open-boundary Schrodinger equation in an atomistic p z orbital basis set using the NEGF formalism. A nearest neighbor TB parameter of t 0 = −2.7eV is used, and we further consider edge bond relaxation by using t 0 = Cedget0 for the edge bonds, where C edge = 1.12 as parameterized to the ab initio band structure simulations. The atomistic transport equation is selfconsistently solved with a three-dimensional (3D) Poisson equation using the finite element method, which is efficient to treat a device with multiple gates because it can easily handle an arbitrary grid for complex geometry.
Circuit simulation
A simulator based on table lookup techniques is implemented to simulate circuits built with TFETs in this paper. The simulator uses the drain current I D(VG, VD) and channel charge Q(VG, VD) computed for the intrinsic TFET using the quantum transport simulations described in Section 6.1. These values were used to populate a lookup table at discrete voltage steps of V GS and VDS ranging from 0V to 0.4V. The intrinsic gate and drain capacitances The extrinsic n-type and p-type TFETs were modeled by adding the parasitic capacitances and contact resistances around the intrinsic TFET as shown in Figure 8 . In practice multiple GNRs are often fabricated in an array for a wide contact. The TFET considered in this paper consists of 4 equi-distant GNRs that form the channel. The pitch refers to the spacing between the neighboring GNRs in the TFET channel, and in this paper, we assume that an individual GNR channel has a contact width of 10nm, and that this equals the pitch in the GNR array. Thus, a TFET with 4 GNRs has a total contact width of 40nm. The current in the TFET is 4 times the current in the individual GNR channel, and the parasitics are also 4 times that for an individual GNR. Thus, the parasitic junction capacitances C GD,e and CGS,e are given by 0.01-0.1aF/nm times the total TFET contact width of 40nm. It is assumed that the substrate is thick enough that the extrinsic parasitic capacitances C DB,e and C SB,e are negligible. The contact resistances were assumed to range from 1KΩ to 100KΩ, with a nominal value of 10KΩ. The contact capacitance at the device terminals and interconnect capacitance are assumed negligible and are not considered in this paper.
The variations in GNR TFETs can occur and be modeled in two ways. In the first case, only one GNR in the array is subject to a variation, for example, width variation, and all the other GNRs remain nominal. The total current is given by the sum of the currents in the GNRs, nominal or otherwise. However, in practice multiple GNRs in the array may suffer from variation and this is handled in the second case by assuming that each GNR in the channel experiences the same variation. In this paper, we choose this approach to investigate the effect of variations. The results in this work, therefore, establish lower and upper limits for the effects of variations on GNR TFET circuits.
Conclusions
This paper assessed the viability of graphene-based tunneling FETs for low-power applications based on a bottom-up multi-scale framework that treats atomistic scale features in circuit simulations. It was demonstrated that GNR TFET circuits promise extremely low power consumption compared to conventional CMOS, and also offer comparable speed and high noise margins. We also motivated the need to consider the effects of parameter variations in GNR width and contact doping that affect circuit delay, static power, and noise margin. This assessment of the effects of variability and parasitics indicate their important role in circuit performance and design optimization for future graphene-based TFETs.
